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Available online 24 March 2010AbstractCommunities of algae and cyanobacteria on two glaciers in west Greenland (the Qaanaaq and Russel glaciers) were analyzed
and compared with the aim of explaining why the Qaanaaq Glacier (in northwestern Greenland) has a dark-colored surface in
satellite images whereas the Russel Glacier (in western central Greenland) has a light-colored surface. We found that algal and
cyanobacterial communities differed between the glaciers and that the amount of biomass was higher on the colder glacier
(Qaanaaq Glacier). The community on the Qaanaaq Glacier was composed mainly of green algae, whereas that on the Russel
Glacier was dominated by cyanobacteria. Despite the shorter melting period (due to colder air temperature) for the Qaanaaq
Glacier, the biovolume of algae and cyanobacteria was 2.35 times higher than that on the Russel Glacier at a similar altitude,
suggesting greater primary production on the Qaanaaq Glacier. We discuss the possible effects of temperature, nutrient concen-
trations, and cryoconite holes (melt-holes in the glacier) on the community structure and productivity of algae and cyanobacteria on
each glacier, and consider the influence of the identified differences in algal and cyanobacterial communities on the amount of
surface melt.
 2010 Elsevier B.V. and NIPR.
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For many years, researchers believed that glaciers
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doi:10.1016/j.polar.2010.03.002studies have shown that glaciers are biotic environments
that contain many psychrophilic organisms such as
snow algae (Hoham and Duval, 2001; Kol, 1969),
cyanobacteria (Takeuchi, 2001), yeast (Turchetti et al.,
2008), bacteria (Segawa et al., 2005), invertebrates
(Kohshima, 1984), and metazoans (DeSmet and Van
Rompu, 1994). It is possible that biological activity
on a glacier affects glacier melt, as snow algae, cya-
nobacteria, and bacteria are reported to promote the
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material on the glacier (Takeuchi et al., 2001a,b, 2005).
The activity of these microorganisms on glaciers
commonly promotes the formation of cryoconites,
which are 0.5e2.0 mm in diameter and contain organic
and inorganic particles (Takeuchi et al., 2001b).
Cryoconite granules are commonly observed on
glaciers throughout the world (Christner et al., 2003;
Mueller and Pollard, 2004; Takeuchi et al., 2005;
Vincent, 1988). Cryoconite absorbs solar energy due
to its dark color and could act to reduce the albedo of
glaciers (Kohshima et al., 1993; Takeuchi et al., 2001b).
Colored snow that results from the growth of snow
algae is also reported to reduce the albedo of the snow
surface (Hoham and Duval, 2001; Thomas and Duval,
1995). Therefore, it is possible that biological activity
on a glacier might act to accelerate glacial melting by
reducing the albedo, thereby contributing to the glacier
retreat commonly observed in recent years.
For example, Rignot and Thomas (2002) reported that
ice in coastal parts of theGreenland Ice Sheet has become
thinner due to increasing temperature. It is possible that
a biological reduction in the albedo process may also
contribute to this thinning; however, our knowledge of
biological activity on glaciers in coastal Greenland
remains limited (Gerdel and Drouet, 1960; Kol, 1969).
In the present study, we analyzed communities of
algae and cyanobacteria on two glaciers in westFig. 1. Locations of the Qaanaaq Glacier (77290N, 69140W) aGreenland. Because the ablation areas of glaciers in
northwest Greenland appear darker than those in other
areas when viewed in satellite images, we compared
the biological properties of the Qaanaaq Glacier
(northwest Greenland) with those of the Russel Glacier
(western central Greenland). We found that algal and
cyanobacterial communities differed between the
glaciers and that the colder glacier (Qaanaaq Glacier)
possessed a larger biomass. We then sought to explain
these differences with reference to ecological and
environmental data. To understand the environmental
conditions that affect microbial activity on the glaciers,
we measured and compared the amount of organic and
inorganic material on each glacier, chemical ions, and
the sizes of cryoconite holes (CHs, cylindrical melt-
holes on the glacier surface). We also discuss the
implications of these differences for surface melt of the
glaciers.
2. Materials and methods
2.1. Study area
We conducted field research on the Qaanaaq Glacier
(QA) (Fig. 1), an outlet glacier from a small ice cap
(Piulip Nuna) in northwestern Greenland (77290N,
69140W), during 8e15 July 2007, and on the Russel
Glacier (RU) (Fig. 1), an outlet glacier from thend Russel Glacier (67090N, 50010W) in west Greenland.
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(67090N, 50010W), on 24 July 2007. Both glaciers
were easily accessed from nearby settlements by
vehicle and on foot.
2.2. Sampling
Snow and ice upon the glacier surface were sampled
at five sites on Qaanaaq Glacier and three sites on
Russel Glacier at altitudinal intervals ofw100e200 m
(QA1: 276 m (all elevations in the manuscript are
given in meters above sea level), QA2: 458 m, QA3:
678 m, QA4: 783 m, QA5 938 m; RU1: 510 m, RU2:
565 m, RU3: 635 m; QA1-3, RU1-3: ablation area;
QA4,5: accumulation area) (Figs. 1 and 2). At each
sampling site, five samples were collected from
randomly selected points. At each sampling point
(20 20 cm), we collected snow and ice from the
surface to the maximum depth of cryoconite holes
(4e19 cm at QA, 5e33 cm at RU), and used a steril-
ized stainless steel scoop to collect all the cryoconites
at the sampling point (Fig. 2). The samples were
melted in clean plastic bags (Whirl pak: Nasco, Fort
Atkinson, Wisconsin/USA) and then preserved with
3% formaldehyde solution in clean 50 mLFig. 2. Photograph of sampling sites: (a) Ablation zone of the Qaanaaq Gla
QA3. (c) Ablation zone of the Russel Glacier at arounfd 600 m a.s.l. (d) Spolyethylene bottles. The samples were shipped to the
National Institute of Polar Research, Japan, at room
temperature. These formaldehyde-fixed samples were
used for cell biovolume determination. Although the
fine structure of the algae may have been lost in
formalin, the algal cells could still be counted with
a microscope. For identification of algal and cyano-
bacteria species, other samples were collected from the
same point in centrifuge tubes (Nalgen Nunc,
Rochester, NY/USA) and kept cool in an ice cooler
during transportation and in a refrigerator prior to
observation.
2.3. Microscopic observations and estimation of
biovolume
The biovolume of snow algae and cyanobacteria at
each sampling site was calculated as the total cell
volume per unit area. Cell counts and estimations of
the cell volume of snow algae were conducted using an
optical microscope (FV1000: Olympus, Tokyo, Japan)
following the method proposed by Takeuchi and
Kohshima (2004). The samples were ultrasonicated
for 10 min to loosen sedimented particles. We filtered
50e1000 mL of sample water through a hydrophilizedcier at around 650 m a.s.l. (b) Surface ice and cryoconite holes at site
urface ice and cryoconite holes at site RU2.
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(Omnipore: Millipore, Billerica, MA/USA) that
became transparent with water, and counted the
number of algae on the filter (1e3 lines on the filter).
From the mean results of the cell counts and the
filtered volume of sample water, we obtained the cell
concentration (cells mL1) in the sample. Mean cell
volume was estimated by measuring the size of 50e
100 cells for each species. The total algal biovolume
was estimated by multiplying algal concentrations by
the mean cell volume for each species at each site. To
enable comparisons of biovolume among the sites, the
total biovolume was calculated as the cell volume per
square meter of glacial surface (mLm2).
For cell counts and estimations of the cell volume
of cyanobacteria (Oscillatoriaceae), we observed the
samples using a confocal laser microscope (FV1000:
Olympus, Tokyo, Japan) equipped with a 10
objective lens according to the following method.
Excitation light from a 543-nm argon laser passed
through a 488/543/633 nm dichroic mirror, and 555e
625 nm band-pass and 640 nm long-pass filters were
used to take images of chlorophyll autofluorescence
from cyanobacteria. Cell counts and estimations of
the cell volume of cyanobacteria were performed by
analyzing these images using imaging software
(Metamorph; Molecular Devices, Downingtown,
PA/USA).
2.4. Measurement of ion concentrations
Formeasurements of chemical ions, we collected five
samples at each sampling site. The snow and ice of the
glacier surfacewere collected using a sterilized stainless
steel scoop and kept in clean plastic bags (Whirl pak:
Nasco, Fort Atkinson, Wisconsin/USA). These samples
were kept frozen until just before analysis in the
laboratory. After melting, the samples were filtered
through a hydrophilic polytetrafluoroethylene (PTFE)
membrane filter with 0.2 mm pore size (Omnipore:
Millipore, Billerica, MA/USA), and then analyzed by
ion chromatography (ICS-2000: Dionex, Sunnyvale,
CA/USA) at the Nagaoka National College of Tech-
nology, Japan. The detection limits (minimal value of
the standard) of nitrite, nitrate, and phosphate ions were
below 0.01, 0.05, and 0.01 mg L1, respectively.
2.5. Estimation of air temperature
Daily mean air temperatures at sites QA3 and RU3
(elevations of 678 m and 635 m, respectively) were
estimated from hourly climate data of the NationalClimatic Data Center (http://www.ncdc.noaa.gov)
recorded at Qaanaaq airport (0 m a.s.l., January 1997
to October 2004) and Kangerlussuaq airport (287 m
a.s.l., May 1999 to March 2005), assuming a tempera-
ture lapse rate of 0.6 C per 100 m.
2.6. Measurement of CH dimensions
The diameters and depths of 50 randomly selected
CHs were measured with a ruler at each sampling site
and at three additional sites on the Qaanaaq Glacier (at
elevations of 258 m, 376 m, and 574 m a.s.l.), and two
additional sites on the Russel Glacier (540 m and
600 m a.s.l.) located between existing sampling sites.
2.7. Statistical analysis
Statistically significant difference between the two
glaciers was determined using a two-sided Student’s
t-test. Results are expressed as mean  standard
deviation of the mean. Differences with P< 0.05 were
considered statistically significant.
3. Results
3.1. Species composition and biovolume
Five green algae species and at least three cyano-
bacteria species (Oscillatoriaceae) were observed in
the samples (Fig. 3, Table 1). Green algae were
dominant on a per biovolume basis in the QA samples,
while cyanobacteria were dominant in the RU samples
(Fig. 4). Three green algae (Mesotaenium berggrenii,
Ancylonema nordenskioeldii, and Cylindrocystis bre-
bissonii) were observed in the ablation areas (QA1e3,
RU2e3), although the relative biovolume of each
species peaked at different altitudes (Fig. 4). On Qaa-
naaq Glacier, M. berggrenii showed the highest relative
biovolume at QA1, while A. nordenskioeldii showed
the highest relative biovolume at QA2. Cyanobacteria
(Oscillatoriaceae) were also observed in the ablation
areas (QA1e3, RU1e3), showing the highest relative
biovolume at higher elevations in the ablation area
(QA3, RU3). Chloromonas sp. and unidentified round-
shaped green algal species were observed in the
accumulation area (QA3e4), with their highest relative
biovolumes observed at QA4.
For both glaciers, the algal biovolume (mLm2)
was highest at higher elevations within the ablation
area (QA3, RU3); in the accumulation area of the
Qaanaaq Glacier, the algal biovolume decreased with
increasing altitude (Fig. 5). Both glaciers showed
Fig. 3. Photographs of snow algae and cyanobacteria observed on Qaanaaq and Russel glaciers: (a) Ancylonema nordenskioeldii, (b)Mesotaenium
berggrenii, (c) Cylindrocystis brebissonii, (d) Chloromonas sp., (e) unidentified algal sp., (f) Oscillatoriaceae spp. All scale bars are 20 mm.
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ablation area. The algal biovolume at the Qaanaaq
Glacier (site QA3, 678 m a.s.l.; 5.23 6.06 mLm2)
was larger than that at the Russel Glacier at a similar
altitude (site RU3, 635 m a.s.l.; 2.22 2.23 mLm2;
p¼ 0.36).
The proportion of each species within the total algal
biovolume changed with altitude (Fig. 5). At the Qaa-
naaq Glacier, M. berggrenii was dominant at lower
altitudes (QA1), while A. nordenskioeldii was dominant
at mid-altitudes (QA2) and cyanobacteria (Oscillator-
iaceae) were dominant at higher altitudes (QA3e4).
The proportion of Chloromonas sp. and the unidentified
algal species was higher at higher altitudes (QA3e4).
At the Russel Glacier, cyanobacteria (Oscillatoriaceae)Table 1
Descriptions of snow algae and cyanobacteria found upon the Qaanaaq and
Species Photo No Cell Size
Chlorophyta
Ancylonema nordenskioeldii Fig. 3a 21 5.7 mm in length,
11.9 1.1 mm in width.
Mesotaenium berggrenii Fig. 3b 17.1 5.3 mm in length,
10.4 0.9 mm in width.
Cylindrocystis brebissonii Fig. 3c 39.2 10.1 mm in length,
25 mm in width.
Chloromonas sp. Fig. 3d 15.6 3.8 mm in diameter.
Unknown algal sp. Fig. 3e 8.6 1.3 mm in diameter.
Cyanobacteria
Oscillatoriaceae spp. Fig. 3f 3.6 0.75 mm in length,
3 mm in width.were dominant at all altitudes (RU1e3), although the
range in altitude of the sampling sites was less than that
at the Qaanaaq Glacier.
3.2. Organic matter
The amount of organic matter in the surface ice and
in cryoconite changed with altitude. The amount of
organic matter ranged from 0.12 to 5.78 g m2
(1.08 1.29 g m2) at the Qaanaaq Glacier and from
0.07 to 0.81 g m2 (0.42 0.19 g m2) at the Russel
Glacier; the amount of inorganic matter ranged from
0.26 to 58.91 g m2 (11.75 13.31 g m2) at the
Qaanaaq Glacier and from 4.68 to 143.04 g m2
(35.31 36.91 g m2) at the Russel Glacier. TheRussel glaciers.
Morphology
Filamentous straight or slightly curved algae that contain 2-20
cells with chloroplasts and 1-2 pyrenoids. The cell sap is usually
dark brown.
Single or paired cylindrical cells with rounded apices that contain
1-2 chloroplasts with a single pyrenoid. The cell sap is dark brown
Cylindrical cells with rounded apices; usually 2 axial chloroplasts
with a single pyrenoid are contained within the cells.
Round cells with a reddish-orange pigment. The cells contain
chloroplasts without pyrenoids.
Spherical cells that were with a thick outer envelope.
These cyanobacteria exhibit trichomes.
276 458 678 783
635565510
Mesotaenium bregrenii Ancylonema noldenskioeldii
Chloromonas sp.Round Green algae 
Oscillatoriaceae cyanobacteria
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Russel
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b
Fig. 4. Altitudinal changes in the community structure (proportion of
each species) of snow algae and cyanobacteria on the Qaanaaq
(a) and Russel glaciers (b).
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Fig. 6. Altitudinal changes in the amount of organic and inorganic
matter content on the Qaanaaq and Russel glaciers. Error bars indi-
cate one standard deviation.
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altitudes (QA3 at the Qaanaaq Glacier and RU3 at the
Russel Glacier, 678 m and 635 m a.s.l., respectively)
was significantly higher at the Qaanaaq Glacier
(2.55 1.98 g m2) than at the Russel Glacier
(0.37 0.10 g m2; p< 0.05) (Fig. 6). The inorganic
matter content was particularly high at the terminus
(RU1) of the Russel Glacier.
3.3. Ion concentrations
Fig. 7 shows ion concentrations in the analyzed
samples. The concentrations of sodium, ammonium,0
0.01
0.1
1
10
100
200 300 400 500 600 700 800 900 1000
Qaanaaq
Russelm L
m(
 
e
m
ul
ov
o iB
 
2
-
)
Altitude (m)
Fig. 5. Altitudinal changes in the total biovolume on the Qaanaaq
and Russel glaciers. Solid and open markers indicate the ablation and
accumulation areas, respectively. Error bars indicate one standard
deviation.potassium, calcium, chlorine, and sulfate ions were
significantly higher at the Qaanaaq Glacier than at the
Russel Glacier (sodium, calcium, chlorine ions:
p< 0.01; ammonium, potassium, sulfate ions:
p< 0.05). The concentrations of nitrite and phosphate
ions were below the detection limit at both glaciers,
and nitrate concentrations were below the detection
limit, except for three samples from the Qaanaaq
Glacier (0.18 and 0.169 mg L1) and the Russel
Glacier (0.16 mg L1).
3.4. Air temperature
Over the fieldwork period, estimated daily mean air
temperatures at QA3 and RU3 were highest in July
(Fig. 8). The daily mean air temperature at QA3 was0
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Fig. 7. Concentrations of ions within snow and ice on the Qaanaaq
and Russel glaciers. Error bars indicate one standard deviation.
Fig. 8. Estimated daily mean air temperature at sites QA3 and RU3
(elevations of 678 m and 635 m, respectively) were estimated from
hourly climate data of the National Climatic Data Center (http://
www.ncdc.noaa.gov) recorded at Qaanaaq airport (0 m a.s.l.,
January 1997 to October 2004) and Kangerlussuaq airport (287 m
a.s.l., May 1999 to March 2005), assuming a temperature lapse rate
of 0.6 C per 100 m.
a
b
Fig. 9. Depth and diameter of cryoconite holes versus altitude on the
Qaanaaq and Russel glaciers. Error bars indicate one standard
deviation.
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Glacier, the estimated daily mean air temperature was
above the freezing point from May to September, while
on Qaanaaq Glacier it was below the freezing point
throughout the year. The actual temperature at the
Qaanaaq Glacier may have been above 0 C, as melt-
water was running over the ablation area during the
period of fieldwork.
3.5. CH dimensions
The depths of CHs on the Russel Glacier
(16.33 7.55 cm, 5e33 cm) were significantly greater
than those on the Qaanaaq Glacier (10.55 3.89 cm,
4e19 cm, p< 0.01), and the diameters of CHs on the
Russel Glacier (3.40 1.42 cm, 1.5e10 cm) were
significantly greater than those on the Qaanaaq Glacier
(2.70 1.16 cm, 1e11 cm, p< 0.01). The depths of
CHs on the Qaanaaq Glacier decreased with increasing
altitude, whereas the depths of CHs on the Russel
Glacier increased with increasing altitude (Fig. 9).
4. Discussion
4.1. Species composition and changes in community
structure with altitude
The algal species composition on the Qaanaaq
Glacier differed from the composition reported by
Gerdel and Drouet (1960) in the same area of north-
west Greenland. This earlier study examined the
microorganism community and surface conditions in
the ablation area of the Greenland Ice Sheet in theThule area near the Qaanaaq Glacier, and found that
a filamentous cyanobacteria species, Calothrix parie-
tina, was the most common species in cryoconites. In
the present study, in contrast, the algal communities
from cryoconite and glacier surface ice on the Qaanaaq
Glacier were dominated by green algae; Calothrix
parietina was not observed at all. This difference
between the two studies probably reflects the differ-
ence in environmental conditions between the Qaanaaq
Glacier (the site of the present study) and the
Greenland Ice Sheet in the Thule area (the site of
Gerdel and Drouet’s study). For example, CH depth
was markedly different between the two studies:
Gerdel and Drouet (1960) reported that the average
depth of CHs was about 50 cm, whereas we observed
much shallower CHs (1e11 cm depth). Noble (1960)
reported that the depth of CHs in Thule area ranged
from 25 to 50 cm. With increasing CH depth, the
stability of water at the bottom of CHs increases and
the incidence of washout of cryoconite in CHs by
running meltwater decreases. Therefore, it is possible
that the reported differences in CH depth result in
differences in the species composition of algae and
cyanobacteria contained in the cryoconites. Other
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the bottom of CHs (e.g., light intensity and the wave-
length of light available for algae) may explain the
difference between the present results and those
reported by Gerdel and Drouet (1960). However, we
did not measure the light environment in the present
study, meaning that we cannot assess the influence of
this factor on species composition.
At the Qaanaaq Glacier, the dominant species
changed with altitude in a similar way to that reported
from glaciers throughout the world. For example,
M. berggrenii, which was dominant near the terminus
of the Qaanaaq Glacier, is also dominant near the
terminus of the Tyndal Glacier, Patagonia (Takeuchi
and Kohshima, 2004). A. nordenskioeldii, which was
dominant in the upper ablation area near the snow
line on the Qaanaaq Glacier, is also dominant in the
upper ablation area on the Gulkana Glacier, Alaska
(Takeuchi, 2001). Other studies reported that cyano-
bacteria (Oscillatoriaceae) are dominant in the upper
part of the ablation area on a Himalayan glacier
(Yoshimura et al., 1997) and an Alaskan glacier
(Takeuchi et al., 2001a,b). We found that cyanobac-
teria are the dominant species throughout the ablation
area of the Russel Glacier, as also found for a Chinese
glacier (Uetake et al., 2006). These results suggest
that different algal species are adapted to different
environmental conditions that change with altitude
upon the glacier.
According to Yoshimura et al. (1997), the snow
algae on glaciers can be classified into the following
four types: snow-environment specialists (observed
only in areas of snow), ice-environment specialists
(observed only in areas of bare ice), generalists
(observed in both snow and ice areas), and opportunists
(observed locally in areas of ice or snow). According to
this scheme, M. berggrenii, A. nordenskioeldii, and
cyanobacteria (Oscillatoriaceae) from the Qaanaaq
Glacier and cyanobacteria (Oscillatoriaceae) from the
Russel Glacier are ice-environment specialists. In
contrast, the proportion of Chloromonas sp. and the
unidentified round-shaped algal species increased in
that part of the accumulation area (QA4) covered by
snow; therefore, these species could be classified as
snow-environment specialists.
It remains unclear why the biomass and community
structure of algae and cyanobacteria differed between
the Qaanaaq and Russel glaciers. Differences in envi-
ronmental conditions at the glacier surface (e.g.,
temperature, nutrient concentrations, CH depth) may
influence the biomass and structure of algal commu-
nities in the study area.4.2. Factors affecting algal biovolume
In the ablation area of both of the studied glaciers,
the algal biovolume increased with increasing altitude,
reaching a maximum near the snowline, despite
a decrease in air temperature with altitude. In the
accumulation area of the Qaanaaq Glacier, algal bio-
volume decreased with increasing altitude (Fig. 5). An
increase in air temperature generally promotes algal
production on a glacier by increasing the duration of
the growth period and increasing the supply of melt-
water. However, the observed altitudinal change in
algal biovolume cannot be explained by such a rela-
tionship between algal production and air temperature.
Similar altitudinal changes in algal biovolume have
been reported from Alaskan Glaciers (Takeuchi, 2001;
Takeuchi et al., 2003). In a study of the Gulkana
Glacier, Takeuchi (2001) reported that the biovolume
was lowest near the terminus because the amount of
meltwater that could wash out microorganisms
increased with decreasing altitude. The author also
reported that biovolume decreased with increasing
altitude in the accumulation area, because meltwater
availability (which is essential for the growth of
microorganisms) decreased with increasing altitude. It
is possible that the observed increase in algal and
cyanobacterial biovolume with increasing altitude in
the ablation areas of the Qaanaaq and Russel glaciers
was caused by the effect of meltwater wash-out.
Despite the occurrence of a shorter growth period
due to lower air temperature, the algal biovolume was
higher on the Qaanaaq Glacier than on the Russel
Glacier. Air temperature during summer (Junee
August) at QA3, as estimated from meteorological
data, was about 9 C lower than that at RU3 due to the
10 difference in latitude. Consequently, microorgan-
isms have a much longer annual growth period on the
Russel Glacier than on the Qaanaaq Glacier, indicating
that the difference in biovolume between the two
glaciers is caused by environmental factors other than
temperature.
One such factor that may explain the differences
between the two sites is the nutrient condition on the
glaciers. Nitrogen and phosphate compounds are
important for the growth of algae and the formation of
ecosystems in CHs (Hodson et al., 2008; Stibal et al.,
2006); however, the concentrations of nitrous, nitrate,
and phosphate ions in the analyzed samples were very
low or undetectable, indicating extremely oligotrophic
conditions at both glaciers. Concentrations of nitrous,
nitrate, and phosphate ions in most samples were
below the detection limit (limits of 0.01, 0.05, and
79J. Uetake et al. / Polar Science 4 (2010) 71e800.01 mg L1, respectively). The concentration of nitrate
ions in glacier water has been reported to be very low (in
the order of mg L1; Sa¨wstro¨m et al., 2002). We would
only be able to measure such very low concentrations of
ions if the detection limits would be improved. More-
over, it has been reported that inorganic matter on
glaciers, mainly mineral particles, could be a nutrient
source for microorganisms (Hoham and Duval, 2001).
Thus, the fact that inorganic particles occurred in larger
amounts on the Qaanaaq Glacier than on the Russel
Glacier may indicate that nutrient conditions were more
favorable on the Qaanaaq Glacier.
Another factor that may explain the difference in
biovolume between the two glaciers is the difference in
depth of CHs on the glacier surface, which may affect
algal and cyanobacterial production because the light
intensity at the bottom of CHs is expected to decrease
with increasingCHdepth. Podgorny andGrenfell (1996)
reported that CHs are shallower in the case that large
amounts of dark material are uniformly distributed upon
the glacier surface. Under such conditions, there would
exist a small difference in melting rate by solar radiation
between CH bottoms and the glacier surface; conse-
quently, CH depth would become shallower and many
cryoconites would be distributed not only at the bottom
of CHs but also on the glacier surface. Indeed, this
situation was observed on the surface of the Qaanaaq
Glacier (QA3, QA4). In contrast, cryoconite occurred at
the bottoms of CHs on the Russel Glacier; therefore,
light availability differs between the Qaanaaq and Rus-
sel glaciers. The difference in CH depth between the
glaciers may explain the difference in algal biovolume.
Our results demonstrate that the biovolume and
species composition of the algal community, as well as
the amount of organic and inorganic matter on the
glacier, differed between glaciers with dark- and light-
colored surfaces in west Greenland. These findings
raise the possibility that biological activity affects the
surfacemelting of glaciers in this area, althoughwe have
insufficient data to identify the causes of these differ-
ences. To understand the way in which biological
processes act to reduce the albedo of glaciers in the study
area, and to predict the response of biological activities
to environmental change such as global warming, it is
necessary to undertake more studies on the relationship
between microbial activity on glaciers and various
environmental conditions (e.g., nutrient supply and
depth of cryoconite holes), the physical process by
which the glacier albedo is reduced, and the relationship
between cryoconite hole formation and environmental
conditions such as meteorological conditions and the
quality and quantity of dust material on the glacier.Acknowledgements
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